ABSTRACT
It is expected that 63,340 new cases of kidney cancer will be diagnosed in the United States in 2018. 1 The National Cancer Data Base, which represents more than 70% of newly diagnosed cancer cases nationwide, registered at least 16,050 radical nephrectomies performed in 2015 for kidney cancer. 2 While nephron-sparing surgery has become a standard treatment for small renal masses (<4 cm) and is an optional treatment for masses 4 to 7 cm, approximately 42% of radical nephrectomies were performed for these clinical T1 masses and at least 23% of masses less than 4 cm. 3 There has been much discussion regarding the benefits of partial nephrectomy over radical nephrectomy in terms of the chronic kidney disease, the potential for cardiovascular disease, and overall survival. 4, 5 Accordingly, much research has focused on the role of volume preservation in renal functional outcome. [6] [7] [8] [9] The emphasis of most studies has been on partial nephrectomy and the results have been conflicting in some series. 7, 9, 10 The limiting factor in many of these studies has been the reliance on ellipsoid formulas and/or pathologic specimens. 7, 9 A recent study examining the 10-year nonrenal mortality determined that long-term survival of patients treated with either partial or radical nephrectomy was primarily dependent on patient age and preoperative estimated glomerular filtration (eGFR). 11 The contribution of nephron loss (radical vs partial nephrectomy) only marginally increased the absolute risk of 10-year nonrenal cancer-related mortality and was not statistically significant. These studies and others While the greatest utility of volume preservation pertains to partial nephrectomy, the inclusion of partial nephrectomy specimens to predict renal functional outcomes is fraught with the uncontrolled influence of external variables such as the variability of renorrhaphy (deep end artery suture ligation), ischemia (warm ischemia vs cold ischemia, ischemia time), hilar clamping (arterial clamping only, superselective clamping, off-clamp), issues with diuretic use (mannitol/furosemide), hemorrhage, and the ensuing potential of postoperative acute tubular necrosis.
We sought to determine the true contribution of volume, underlying renal nonneoplastic histopathology, and clinical variables in predicting postoperative renal function using radical nephrectomy specimens. We postulate that meticulous characterization of the nonneoplastic kidney (NNK) according to the modified Banff criteria and three-dimensional volumetric preoperative imaging analysis can accurately predict renal function in patients undergoing radical nephrectomy for kidney cancer.
Materials and Methods

Patient Population
After obtaining institutional research ethics board review, a retrospective cohort study was conducted and included consecutive patients undergoing radical nephrectomy for presumed kidney cancer at two tertiary care hospitals from January 1, 2011, to May 1, 2015, in Winnipeg, Canada. All pertinent patient data were captured from the patient chart. The lowest preoperative, 1-year, and 2-year serum creatinine levels were obtained from the chart and/ or Manitoba e-Chart. Patients were also queried in the Manitoba Renal Health database to identify any patient that may have progressed to dialysis after the 2-year follow-up. The Manitoba Renal Registry contains information on all patients who are on dialysis in the province. Serum creatinine level was utilized to determine the eGFR based on the Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI). 13 Patients with bilateral renal tumors, prior renal surgery, and known hereditary renal cell carcinoma, or known preexisting renal diseases (eg, glomerulopathies, nephritis, etc) were not included. In addition, cases in which the preoperative imaging demonstrated other renal abnormalities in either the ipsilateral or contralateral kidney were also excluded.
Nonneoplastic Kidney
All pathology slides were reviewed by three blinded nephropathologists, and where there was discrepancy consensus was obtained. One or two blocks of the NNK tissue were obtained from the nephrectomy kidney as far distant from the tumor as possible. In selected cases, PAS and trichrome stains were examined in addition to H&E. The NNK was examined for chronic glomerular global sclerosis and additional glomerulopathy, chronic tubulointerstitial injury characterized by interstitial fibrosis and tubular atrophy (IFTA), arteriosclerosis characterized by fibrous intimal thickening and luminal narrowing (Art), and hyaline arteriolosclerosis (Arl). The nonneoplastic chronic renal parenchymal changes where quantified using a scoring system based upon some of the chronic lesion scores of the 1997 Banff criteria for renal allografts (Banff scores ci, cv, and ah). 14 The degree of global glomerulosclerosis was scored as 0 (<5%), 1 (5%-10%), 2 (11%-20%), or 3 (>20%). If a specific glomerulopathy was identified, such as diabetic glomerulosclerosis or focal segmental glomerulosclerosis, the glomerular score defaulted to 3 regardless of percent global glomerulosclerosis. Chronic tubulointerstitial damage was based on percent cortical interstitial fibrosis, and scored as 0 (up to 5%), 1 (6%-25%), 2 (26%-50%), or 3 (>50%). Arteriosclerosis was assessed on percent luminal narrowing due to intimal fibrosis, and scored as 0 (no intimal fibrosis), 1 (up to 25%), 2 (26%-50%), or 3 (>50%). Hyaline arteriolosclerosis was based on extent of nodular hyaline thickening, and scored as 0 (none), 1 (mild to moderate), 2 (focal moderate to severe), or 3 (widespread severe).
Volumetric Analysis
Three blinded radiologists were involved in the analysis of the preoperative contrast-enhanced computed tomographic (CT) or magnetic resonance imaging (MRI) abdominal images. Images up to 4 months prior to surgery were included. Rendering of three-dimensional conformal images was performed using a three-dimensional workstation (AW Volume Share 5, GE Healthcare, Milwaukee, WI). Using this software only the cortical volume was isolated; specifically, the renal sinus, collecting systems, or cysts were excluded in the quantification. Individual volumes of the tumor, the ipsilateral afflicted kidney, and the contralateral kidney were obtained and are illustrated in ❚Image 1❚ and ❚Image 2❚.
Statistical Analysis
The primary outcome measure was renal function 2 years following radical nephrectomy. In this study, eGFR was modeled as a continuous variable, as this improves sensitivity and facilitates the creation of a clinically useful risk calculator. Furthermore, the normality assumptions of the residuals were met (see Supplemental Figure 1 ; all supplemental materials can be found at American Journal of Clinical Pathology online). The TRIPOD guidelines for model development were followed. 15 Data were represented in means with standard deviations or medians with interquartile ranges (IQR). Differences between means were calculated using the Student t test. Univariate analyses were conducted with Spearman correlation coefficients and ANOVA. Factors significantly associated with postoperative eGFR were entered into multivariable regression (MVR) models. Specifically, based on our earlier work, age, glomerulopathy, IFTA, and Art changes were statistically significant variables predictive of renal function. 16 Conversely, the Charlson comorbidity index, body mass index, diabetes, hypertension, smoking status, and Arl changes were not statistically significant. Age, glomerulopathy, IFTA, and Art were placed in the MVR in addition to the statistically significant radiologic variables. The ipsilateral afflicted kidney and the contralateral kidney volume were summated to give the composite cortical volume. The volume of the tumor in relation to the ipsilateral kidney was right skewed (Supplemental Figure 2B ) but these variables were not correlated even when the tumor volume was log transformed (Supplemental Figure 2B ). MVR predictive performance was evaluated with the r 2 statistic. All tests were two-sided with a P ≤ .05 set as statistical significance. Data analysis was performed using SAS version 9.4. 
Results
There were 126 patients who met the inclusion criteria and had both a NNK pathologic assessment as well as preoperative three-dimensional imaging available. Nine patients had an MRI as their imaging modality and there was no difference in the mean composite cortical volume between this group and the CT group (458 cm 3 . By 2-year follow-up, two patients progressed to dialysis (2%) and 10 patients died (8%), including the two dialysis patients. Using the Renal Registry, at a median of 4.4 years (IQR, 3.4-5.4), four patients progressed to dialysis (3%).
❚Table 2❚ summarizes the nonneoplastic histopathologic findings in each specimen. In summary, 59 (47%) had either no or mild changes to each compartment and 75% of subjects had changes to multiple (glomerular, tubulointerstitial, and arterial) compartments. The afflicted kidney accounted for on average 48% of the composite cortical volume. The mean volume for the tumor, ipsilateral kidney, contralateral kidney, and composite volume were 282.4 cmcomposite cortical volume between those with moderate/severe NNK changes and those without (458 cm 3 vs 409 cm 3 , P = .095). Spearman correlation did not find a statistically significant association between the tumor volume and the volume of the afflicted kidney (Spearman ρ = -0.06, P = .53).
At 2 years the overall predictive model included age (F statistic = 11.51, P = .001), composite cortical volume (F statistic = 6.30, P = .0137), glomerular changes (F statistic = 7.98, P < .0001), IFTA (F statistic = 3.40, P = .0374), and arterial changes (F statistic = 3.71, P = .038). Of note, tumoral volume was not statistically significant (P = .52). The model was constructed using just five variables with an r 2 statistic of 0.532, a root mean square error of 13.3, and a coefficient variance of 25.5. This is further characterized in Supplemental Table 1 .
❚Table 3❚ represents the statistical calculator of the predictive model of the 2-year eGFR with each of the covariates. To illustrate its utility, one can take a hypothetical 68-year-old subject with a composite renal volume of 350 cm 3 and mild NNK changes and put the appropriate numbers in the calculator: 79. In this series, at 2 years following radical nephrectomy, every decade of patient age would reduce the eGFR by 4.7 mL/min/1.73 m 2 or a 6% effect on final eGFR. a Calculator is utilized by the overall sum of multiplying the subject's age by the estimate, multiplying the composite cortical volume (ipsilateral kidney nontumoral cortical volume + contralateral kidney cortical volume) by the estimate, and the addition of each categorical estimate from the glomerular, tubular-interstitial, and arterial compartments.
Discussion
In this retrospective study, we sought to determine the variables associated with renal function and to quantify the contribution of each of these variables to calculate a predicted 2-year eGFR following radical nephrectomy. We determined that age, cortical volume, and specific renal histopathologic changes were the most accurate in determining the 2-year eGFR. We chose to generate a 2-year calculator, as many patients in the early postoperative period may be in the hyperfiltrative phase and may not have progressed to the renal failure phase. Moreover, longer-term outcomes are more meaningful to patients. Most patients had stable renal function at up to 6 months postnephrectomy. Of the 10 patients who died within 2 years of surgery, two were on dialysis. At a median of 4.4 years, four patients progressed to dialysis.
In our study, we determined that age, composite cortical volume, and underlying chronic renal histopathologic findings at the time of radical nephrectomy were strongly associated with 2-year renal function. Specifically, worsening glomerular, tubulointerstitial, and arterial changes were associated with decreased renal function. When each compartment is examined individually, even mild to moderate changes in any histologic compartment has an effect size approximately as strong as a decade of life. Moreover, patients with one underlying NNK change were more likely to have an effect in another compartment. The effect of increasing composite renal volume, as expected, contributed to a better eGFR at 2 years but the effect was smaller than for the deleterious effect of age and for underlying histopathologic changes.
Our model had good linear fit and could predict eGFR as a continuous variable as opposed to examining for variables associated with a binary outcome. Continuous modeling was felt to be more practical. The choice of the optimal outcome variable has been handled differently by other groups. While using dialysis as the outcome event would be ideal, dialysis, fortunately, is an uncommon event. Some studies have examined an outcome of a drop of eGFR less than 50%, 12 new CKDIII, 8, 17 eGFR less than 45, 18 or percent/absolute change. 10 One study also modeled the outcome as a continuous variable using the Modification of Diet in Renal Disease Study (MDRD) formula for eGFR. 6 More recently, the CKD-EPI formula has been utilized, as it has better performance than MDRD. 19 Our model required the use of five variables, predominantly because our earlier work demonstrated that the NNK evaluation outperformed clinical parameters such as diabetes, hypertension, Charlson comorbidity index, smoking status, and body mass index. 16 While some studies rely on clinical data, including preoperative eGFR and age, there is no information about other relevant comorbidities such as diabetes and hypertension. Moreover, simply labeling a patient as diabetic or hypertensive does not account for the wide variability in underlying pathologic changes. Diabetes, for instance, may be anywhere along the spectrum of albuminuria (normoalbuminuria, microalbuminuria, and macroalbuminuria), with or without diabetic-related diffuse or nodular sclerosis. 20 Indeed, the NNK histopathology is the result of these comorbidities and can be quantified.
The examination of the nonneoplastic tissue in partial nephrectomy specimens is imperfect, as the tumor forms a peritumoral pseudocapsule and the adjacent renal tissue often demonstrates compression-associated acute and chronic injury. 21 The radical nephrectomy specimen allows for full assessment of nonneoplastic tissue without these compressive effects and essentially functions as a biopsy of the contralateral kidney at the time of nephrectomy. The Banff criteria were utilized in this study, as this is a standardized approach that is well validated in the renal transplant literature.
14 To improve precision, we elected to utilize three-dimensional imaging volumetric analysis rather than using calculations of volumes based on elliptical formulas or volumes based on pathologic specimens. 9, 22, 23 Reliance on pathologic specimens may be limiting due to volume contraction associated with tissue fixation. Consequently, with the use of the multivariate analysis the assessment of an average cm 3 of cortical volume can be calculated. Moreover, as kidney cancer is generally an indolent cancer the composite cortical volume was utilized, as it accounts for the compensatory hypertrophy and hyperfitration the kidney has already undergone at the time of nephrectomy.
This study adds to the strong foundational work of other papers in the literature. In the landmark paper examining the effect of age-related changes in creatinine clearance in healthy aging, the GFR decreased by 6.3 mL/ min/1.73 m 2 from the decade 45 to 54 to the decade 55 to 64 and 11.8 mL/min/1.73 m 2 from decade 65 to 74. 24 Using our calculator we determined that each decade contributed to a loss of eGFR of 4.7 mL/min/1.73 m 2 post radical nephrectomy. Similarly, patients with underlying medical-renal disease who undergo radical nephrectomy seem to have the greatest declines in renal function. 12 Not surprisingly, patients with underlying severe glomerular disease, IFTA, and/or arterial disease in the NNK, had the greatest declines in eGFR, and these effects were stronger than both age and volume. Indeed, volume preservation, the only surgically controllable variable, had the smallest effect on renal function. This is likely due to the fact that the remaining contralateral kidney can accommodate the added workload. However, the kidney is known to develop intraglomerular hypertension and progressing focal segmental glomerulosclerosis, and the duration of tolerance is variable. 25, 26 The long-term damage of intraglomerular hypertension can be limited by initiation of angiotensin-converting enzyme (ACE) inhibitors among those at highest risk. 27, 28 There are a number of limitations in this study. We relied on postoperative eGFR calculation based on serum creatinine and there are more precise methods such as cystatin C or use of renal scans. However, even these are estimates and renal scans can over-estimate true GFR. 29, 30 Ideally, the use of 24-hour urine collections would be most accurate; however, this is an inherent limitation of a retrospective study. Conversely, reliance on eGFR and CT/MRI imaging increase the clinical utility, as these are more commonly utilized in clinical practice. The sample size, while small, is similar to other published studies on the topic and has not been validated. While the NNK tissue is assessed postnephrectomy, one goal of this paper was to determine the contribution of each variable to the final eGFR. Volume preservation is modifiable but should not compromise oncologic margin status, as the patient's age and underlying renal histopathology are of greater importance and this underlying principle may be extended to the partial nephrectomy. Furthermore, this paper may serve as a baseline reference for further papers examining the role of postoperative ACE inhibitors in normotensive patients to limit any damage associated with intraglomerular hypertension. Some patients may benefit from preoperative ACE inhibition. In this case, some patients may benefit from a biopsy of the ipsilateral kidney. Moreover, it is hoped that this will also provide support for the development of biomarkers or pathologic imaging studies that correlate with early histopathologic changes, which may not be captured by routine tests assessing for proteinuria.
Conclusion
In this retrospective paper, we performed an independent rigorous pathologic and radiologic review using standardized criteria and preoperative imaging volumetric analysis and determined that increasing age and NNK histopathology, specifically glomerular, tubulointerstitial, and arterial changes, are negatively associated with postoperative eGFR 2 years following radical nephrectomy. Conversely, increasing composite cortical volume is associated with higher postoperative eGFRs, but this effect size is not as great as baseline renal histopathology or age. Using these variables, 2-year eGFR can be calculated.
